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YhbO is a member of the DJ-1/ThiJ/Pfp1 superfamily, which includes chaperones, peptidases, and the
Parkinson’s disease protein DJ-1. A yhbO-disrupted mutant of Escherichia coli is highly sensitive to oxidative,
thermal, UV, and pH stresses, and the putative nucleophilic cysteine C104 of YhbO is required for stress
resistance. These results suggest that YhbO affects a central process in stress management.

The gene encoding the 19-kDa YhbO protein has homologs
in almost every organism and cell that has been examined to
date, ranging from Escherichia coli to Homo sapiens. This ubiq-
uity and evolutionary conservation indicate that it may play a
fundamental physiological role. YhbO is a member of the
DJ-1/ThiJ/Pfp1 superfamily, which includes proteins with di-
verse functions, such as chaperones/peptidases (11, 20, 22),
proteases (3, 6), catalases, and the Parkinson’s disease protein
DJ-1 (10, 17, 23). Its closest homologs are ThiJ/YajL in E. coli
(2, 29), YfkM and YraA in Bacillus subtilis (involved in pro-
tection against environmental stresses) (19, 26), the Pyrococcus
furiosus protease 1 (3), and the Parkinson’s disease protein
DJ-1. The crystal structures of several members of the ThiJ
superfamily have been solved. They all contain a similar do-
main with a nucleophilic elbow displaying an important cys-
teine which, in Php1 and Hsp31, is part of a Cys-His-Glu/Asp
catalytic triad responsible for their peptidase activities (6, 20,
32). Several members of this superfamily have been biochem-
ically characterized. Hsp31 has been characterized as a chap-
erone (11, 22) and a peptidase (12), and Pfp1 has been char-
acterized as a protease/peptidase with activity towards gelatin
and the fluorescent substrate Ala-Ala-Phe–7-aminomethyl
coumarin (3). The biochemical characterization of DJ-1 led to
contradictory results concerning its putative chaperone, pepti-
dase, and redox activities (18, 23, 30). ThiJ was mistakenly
believed to be involved in thiamine synthesis, and its function
is presently unknown (29). YhbO also possesses a putative
catalytic triad, and its three-dimensional (3D) structure (in-
dexed in the RCBS Protein Data Bank under the identification
number 1oi4) closely resembles that of the PhpI peptidase (1),
suggesting that it might function as a peptidase. We recently
cloned and purified YhbO, but we could not detect any chap-
erone, protease, or peptidase activities in the purified protein
(1). In this study, we show that YhbO is required for the
protection of bacterial cells against many environmental
stresses, including oxidative, thermal, osmotic, UV, and pH

stresses, and that its putative nucleophilic cysteine, C104, is
required for its function in vivo.

Growth defects of the yhbO-deficient strain. The yhbO-defi-
cient strain was kindly provided by H. Mori (Nara Institute of
Sciences and Technology, Japan) and contains yhbO disrupted
by �Red in the E. coli strain BW25113 [lacIq rrnB3 �lacZ4787
hsdR514 �(araBAD)567 �(rhaBAD)568 rph-1] (5), leading to
strain JW3112. Disruption of the yhbO gene is not likely to
exert any polar effects on the expression of vicinal genes, since
yhbO is a single-gene operon (Colibri server, Pasteur Institute
[http://genolist.pasteur.fr/Colibri/]). The doubling time of the
yhbO-deficient strain was similar to that of its parental strain,
in both Luria-Bertani (LB) medium (14) and 63 glycerol min-
imal medium, at 30°C, 37°C, and 43°C (not shown). The yhbO
mutant, however, gave smaller colonies on LB plates (at 30, 37,
and 43°C), reflecting a slight growth disadvantage compared to
the control strain (not shown). The yhbO mutant also produced
slightly smaller colonies on glucose (1%) LB plates incubated
at 30°C under anaerobic conditions (in an anaerobic glove
chamber containing less than 5 ppm O2), suggesting that it is
not significantly affected by anaerobic conditions (not shown).

The yhbO mutant is sensitive to oxidative stress. Logarith-
mic-phase cultures of wild-type and yhbO mutant cells grown in
LB medium to an optical density at 600 nm (OD600) of 0.4
were incubated at 37°C with aeration in the presence of 15 mM
or 50 mM hydrogen peroxide, and viable cell counts were
periodically determined. After 90 min of exposure to 50 mM
H2O2, wild-type cell counts were approximately 105 CFU per
ml, while yhbO mutant counts were approximately 103 (100-
fold lower) (Fig. 1A). After a similar exposure to 15 mM H2O2,
the counts of the yhbO mutant were approximately 30-fold
lower than those of the wild-type strain (Fig. 1A). Bacteria
were not reproducibly sensitive to lower hydrogen peroxide
concentrations, which is probably due to the high efficiency of
the hydrogen peroxide detoxification enzymes (the KatE and
KatG catalases [induced, respectively, by entry into stationary
phase and by hydrogen peroxide] and the AhpC alkylhydroper-
oxide reductase) (9).

We checked for a possible accumulation of oxidized proteins
or peptides in the yhbO mutant by measuring protein and
peptide carbonyls (11) as described in references 24 and 25.
Logarithmic-phase cultures of wild-type and yhbO mutant cells
were incubated at 37°C with aeration for 40 min in the pres-
ence of 50 mM hydrogen peroxide. Proteins from the bacterial
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crude extract were separated by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis, transferred to a polyvinylidene
difluoride membrane, and probed with the OxyBlot protein
oxidation detection kit (Chemicon International, Serological
Corporation). The yhbO mutant (Fig. 2A, lane 2) did not
display any significant increase in protein oxidation compared
with its parent (Fig. 2A, lane 1). Peptides were extracted from

bacteria (bacteria were centrifuged and resuspended into 1 M
acetic acid as described in reference 12) after a 50 mM hydro-
gen peroxide stress for 40 min and analyzed on a high-perfor-
mance liquid chromatography C18 reverse-phase column equil-
ibrated in 0.1% trifluoroacetic acid in water and eluted with a
linear gradient of 0 to 100% acetonitrile containing 0.1% tri-
fluoroacetic acid, as described elsewhere (12). We could not
detect any significant difference between the peptide profile of
the yhbO mutant and that of its parental strain (either before
or after the hydrogen peroxide stress) (not shown). These
results suggest that YhbO is not involved in the processing of
oxidatively modified proteins and peptides.

Hence, although YhbO is required for oxidative stress resis-
tance, and despite its strong homology with several peptidases,
it does not appear to affect the metabolism of proteins and
peptides in oxidatively stressed cells.

The yhbO mutant is sensitive to thermal stress. Bacteria
(wild-type strain BW 25113 and yhbO mutant JW 3122) were
cultured in LB broth (Difco) at 37°C with aeration until the
OD600 reached 0.4. They were then shifted to a shaking water
bath at 50°C or 53°C, and viable cell counts were periodically
determined by plating bacteria overnight on LB agar plates.
The yhbO mutant displayed an increased sensitivity to temper-
ature stress (Fig. 1B). After 30 min of exposure to a temper-
ature of 53°C, wild-type cell counts were approximately 108

CFU per ml, while yhbO mutant counts were approximately
106 CFU per ml (100-fold lower), suggesting that YhbO is
important for heat stress resistance. When bacteria were incu-
bated for 30 min at 50°C, yhbO mutant counts were approxi-
mately 10-fold lower than wild-type cell counts (Fig. 1B). The
effects of heat stresses of up to 48°C were not greater in the
mutant than they were in the wild-type strain (not shown).
Thus, like Hsp31 and ClpB, YhbO helps E. coli to survive to

FIG. 1. Increased sensitivity of the yhbO mutant to environmental stresses. Logarithmic-phase cultures of wild-type (squares) and yhbO-
deficient (diamonds) cells were incubated for the indicated times, as described in the text, in the presence of 15 mM (filled symbols) or 50 mM
(open symbols) H2O2 (A), at 50°C (filled symbols) or 53°C (open symbols) (B), under UV irradiation (C), at pH 2.5 (D), at pH 10.5 (E), or in the
presence of 2.5 M NaCl (F), and viable cell counts were determined. Experiments were done three times, and the mean value � standard error
of the mean (SEM) was calculated.

FIG. 2. Unchanged protein metabolism in the yhbO mutant.
(A) Detection of oxidatively modified proteins from E. coli cells after
a 50 mM H2O2 challenge. Logarithmic-phase cells from the parental
strain (lane 1) and from the yhbO mutant (lane 2) were incubated for
40 min at 37°C in the presence of 50 mM H2O2, and crude extracts
were prepared, electrophoresed on a sodium dodecyl sulfate-polyacryl-
amide gel (10 �g protein in each lane), transferred to a polyvinylidene
difluoride membrane, and immunoassayed for protein carbonyls using
the OxyBlot kit. (B) 2D gel electrophoresis of insoluble protein frac-
tions after heat shock. The yhbO mutant and its parent were grown at
30°C in Luria-Bertani medium to logarithmic phase and shifted to
53°C for 90 min. Insoluble proteins (15,000 � g pellet) were analyzed
by 2D gel electrophoresis, as described in reference 4, and stained with
Coomassie blue (the pH 4 to 7 gradient is from left to right). The
amount of protein loaded onto each gel corresponds to identical
amounts of bacteria (pellet fractions contain membrane proteins and
aggregated protein material [4]).
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severe heat stresses (in contrast with the DnaK chaperone,
which is required for bacterial growth from 42°C onwards [4]).

We investigated the extent of heat-induced protein aggrega-
tion in both the wild-type and yhbO-deficient strains. Cells
were grown at 30°C and then subjected to heat shock treatment
for 90 min at 53°C. After ultrasonic disruption of cells, the
insoluble cell fraction was isolated by centrifugation at 15,000 �
g, and the pellets were analyzed by 2D gel electrophoresis,
as described in reference 4. The heat shock treatment at
53°C did not lead to a significant increase in protein aggre-
gation in the yhbO mutant strain compared to the wild-type
strain (Fig. 2B), as opposed to what has been observed in a
dnaK strain (4). This result is consistent with the hypothesis
that YhbO is devoid of any chaperone activity (1).

Since YhbO displays a strong structural homology with ar-
chaeal peptidases and with the E. coli chaperone/peptidase
Hsp31 (6, 20), whose mutant accumulates peptides (12), we
checked whether the yhbO mutant accumulates peptides upon
heat shock. Peptides were extracted from bacteria after a heat
shock treatment for various times (5 to 60 min) at 53°C and
analyzed on a high-performance liquid chromatography C18

reverse-phase column as described above (12, 31). We could
not detect any difference between the peptide profile of the
yhbO mutant and that of its parental strain (either after bac-
terial growth at 30°C or after a heat shock at 53°C) (not
shown).

The yhbO mutant is sensitive to UV irradiation. Logarith-
mic-phase cultures of wild-type and yhbO-deficient cells were
exposed to UV light. Five-milliliter cultures were transferred
to a 10-cm-diameter petri dish, placed under a germicidal lamp
(254 nm, 1 J/m2), and sampled periodically for up to 10 min.
After exposure, samples were kept on ice until viable cell
counts were determined. After 10 min, wild-type cell counts
were approximately 107 CFU per ml, while mutant counts were
less than 106 CFU per ml (20-fold less than those of the
wild-type strain) (Fig. 1C).

The yhbO mutant is sensitive to acid and alkaline pHs.
Logarithmic-phase cultures of wild-type and yhbO mutant cells
were incubated at 37°C in Luria broth medium (pH 7.2) with
aeration until the OD600 reached 0.4 and then shifted to LB
medium at pH 2.5 or 10.5, and viable cell counts were period-
ically determined on LB plates at pH 7. After 60 min of expo-
sure at pH 2.5, wild-type cell counts were approximately 4 �
107 CFU per ml, while yhbO mutant counts were less than 2 �
106 CFU per ml (around 20-fold less) (Fig. 1D). After 23 min
of exposure at pH 10.5, wild-type cell counts were approxi-
mately 2 � 105 CFU per ml, while yhbO mutant counts were
approximately 6 � 103 CFU per ml (around 30-fold less) (Fig.
1E). We conclude, therefore, that YhbO is also required for
bacterial resistance to extreme pHs. The involvement of YhbO
in acid stress resistance is consistent with its overexpression
during acid stress (28).

The yhbO mutant is slightly sensitive to salt stress and
insensitive to cold stress. Logarithmic-phase cultures of wild-
type and yhbO mutant cells were incubated at 37°C in Luria
broth medium with aeration until the OD600 reached 0.4. Salt
stress was achieved by adding NaCl to reach a concentration of
2.5 M, and viable cell counts were done at various times during
approximately 3 h. After 2 h of exposure to 2.5 M NaCl,
wild-type cell counts were approximately 107 CFU per ml,

while yhbO mutant counts were reproducibly three- to fivefold
lower (Fig. 1F). The involvement of YhbO in resistance to
osmotic stress is consistent with its overexpression during salt
stress (27). To test the cold stress sensitivity of the yhbO mu-
tant, we incubated logarithmic-phase cultures of wild-type and
yhbO-deficient cells at 37°C in Luria broth medium with aer-
ation until the OD600 reached 0.4. The cultures were diluted
with growth medium, and equal quantities of cells were plated
on petri dishes. The plates were then sealed in plastic bags to
prevent drying and stored at 4°C. At different times (up to
several days), the number of colonies that survived was mea-
sured after an overnight incubation of the plates at 37°C. We
found no significant difference between the sensitivities of the
yhbO-deficient strain and its parent to cold (not shown). Sim-
ilarly, when the yhbO mutant and its parental strain, grown in
rich medium to an OD600 of 0.4, were transferred from 37°C to
10°C, we observed for both strains a 4-h lag that preceded the
resumption of exponential growth at a generation time of 12 h
(not shown).

We also performed the stress sensitivity experiments de-
scribed in the above sections with stationary-phase cells, but
the yhbO mutant was no more significantly affected by the
different stresses than it was during the logarithmic phase (not
shown).

Complementation of the yhbO mutant by its wild-type allele,
but not by the C104A mutant. In order to ascertain that the
stress-sensitive phenotypes of the yhbO mutant are indeed due
to the loss of YhbO, we complemented the mutant with its
wild-type allele. The wild-type yhbO gene was transferred
from the pET-21-a-yhbO high-yield expression vector (1) to
pBAD33, a tightly controlled expression vector under the con-
trol of the arabinose PBAD promoter, yielding pBAD33-yhbO
(7). Then, since YhbO possesses a putative catalytic triad cen-
tered around cysteine 104 (22), we constructed the C104A
mutant in order to establish whether this residue is relevant to
the activity in vivo of YhbO (cysteine in position 104 was
substituted for alanine by site-directed mutagenesis in vitro
[Stratagene QuikChange kit]) of the appropriate codon in the
pBAD33-yhbO plasmid. The forward primer used to create the
mutation was 5�-CCGGTGTTTGCCATCGCCCACGGCCC
GCAGTTGCTG-3�, and the reverse primer was of the same
length and complementary to the forward primer. Strain
BW25113 was used for transformation of the new expression
vector constructs, and clones were checked by DNA sequenc-
ing. The wild-type strain and the yhbO mutant either un-
complemented (i.e., transformed with the pBAD33 control
plasmid) or complemented with the wild-type or with the
C104A yhbO allele were challenged with a hydrogen peroxide
stress. Bacteria were grown in 63 minimal medium supple-
mented with 0.4% glycerol as a carbon source and 3 �M
arabinose for induction of YhbO (this arabinose concentra-
tion, which yields a moderate expression of YhbO, was found
to be optimal for complementation studies, and the 63 minimal
medium gave a more controllable expression of the pBAD
operon than the LB medium). As shown in Fig. 3A, the wild-
type yhbO allele efficiently complemented the yhbO mutant,
displaying a sensitivity to H2O2 stress close to that of the
wild-type strain. In contrast, the C104A mutant was unable to
complement efficiently the yhbO mutant. When bacteria were
challenged by a thermal stress for 30 min at 53°C, the viability
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of the yhbO mutant was 600-fold lower than that of the paren-
tal strain; the wild-type allele efficiently complemented the
yhbO mutant, and the C104A allele was unable to do so (Fig.
3B). These results suggest that Cys104 is required for the
activity in vivo of YhbO.

YhbO is a general stress protein. We show in this study that
YhbO protects E. coli cells against many environmental
stresses. Disruption of the yhbO gene results in an increased
bacterial sensitivity to oxidative, thermal, acid, alkaline, os-
motic, and UV stresses, leading to a 1- to 5-log decrease in the
survival yield of the mutant compared to that of its parent (the
increased sensitivity to environmental stresses of the yhbO
mutant is of the same order of magnitude as that of the dps
mutant [16]). In accordance with its role in stress management,
YhbO is overexpressed severalfold in stationary phase and
during hyperosmotic stress and acid stress (27, 28). Several
members of the ThiJ superfamily also function in cellular pro-
tection against environmental stresses. The chaperone/pepti-
dase Hsp31 is involved in thermal stress protection (19), Ba-
cillus subtilis YfkM and YraA are involved in acid stress
protection (19, 26), and DJ-1 is involved in oxidative stress
protection (23).

We could not detect any defect (aggregation or oxidation) in
protein or peptide metabolism in the yhbO mutant, during
either heat or oxidative stress. Since YhbO does not display
any protease or peptidase activity with classical substrates (1),
we wondered whether its sequence and structural homologies
with Php1 (47% sequence identities, root mean square devia-
tion value for C-� atoms of 0.7 Å) could be translated into
functional homology (see reference 25 for a review) or whether
its peptidase specificity is so narrow that its physiological sub-
strate(s) escaped detection (experiments in vitro [1] and in vivo
[this study] did not reveal any protease or peptidase activity).
Our complementation experiments of the yhbO mutant with its
wild-type allele (giving positive results) and with the C104A
mutant (giving negative results) suggest that the increased

stress sensitivity of the mutant is indeed due to the loss of
YhbO and that the putative nucleophilic cysteine C104 of
YhbO is important for its function. Similarly, the conserved
cysteine C104 of Drosophila melanogaster DJ-1b is critical for
its antioxidant function in vivo (13). Several other proteins of
the DJ-1/ThiJ/Pfp1Hsp31 superfamily have yet to be biochem-
ically characterized. Hsp31 functions as both a chaperone (11,
22) and a peptidase (12) and Pfp1 functions as a peptidase, but
the physiological substrates of the latter have not yet been
characterized (3, 8). The biochemical characterization of DJ-1
led to contradictory results concerning its chaperone, pepti-
dase, redox, and gene regulation activities (18, 23, 30), and B.
subtilis YfkM and YraA have not yet been characterized. Sim-
ilarly, the universal stress proteins UspA, -C, -D, -E, -F, and
-G, discovered many years ago, still require biochemical char-
acterization (roles in protection against superoxide-generating
agents, control of iron levels, adhesion, and cell motility have
been proposed [15]).

We thank Hirotada Mori, Nara Institute of Sciences and Technol-
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A. Kropfinger for correction of the English language.
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